Introduction
============

Diabetes is a serious public health concern worldwide. In China, the number of adults with diabetes or pre-diabetes (age ≥20) was 114 and 493 million in 2010, respectively ([@b1-etm-0-0-6194]); type II diabetes accounted for 90% of these cases ([@b2-etm-0-0-6194]). Absolute insulin deficiency, or insulin resistance may lead to elevated blood glucose levels in patients with diabetes ([@b3-etm-0-0-6194]). The phosphoinositide-3-kinase/protein kinase B (PI3K/Akt) signaling pathway is critical to insulin function ([@b4-etm-0-0-6194]). Previous studies have revealed that any dysregulation in the expression, structure and function of proteins in the PI3K/Akt signaling pathway disrupts insulin signal transduction and weakens the physiological effects of insulin, which leads to insulin resistance and metabolic disorders ([@b5-etm-0-0-6194],[@b6-etm-0-0-6194]). Gluconeogenesis is the process by which non-sugar precursors, including lactic acid, glycerol and raw sugar amino acids, are converted into glucose ([@b7-etm-0-0-6194]). Half of all glucose consumed by the body and used as energy for vital organs is produced via gluconeogenesis ([@b8-etm-0-0-6194]).

Gluconeogenesis primarily occurs in the liver, and hepatic gluconeogenesis determines fasting blood glucose (FBG) levels and serves a key role in the conservation of sugar ([@b9-etm-0-0-6194]). Phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) are important rate-limiting enzymes that regulate hepatic gluconeogenesis ([@b10-etm-0-0-6194]). Forkhead box protein O1 (FoxO1) is a transcription factor that is negatively regulated by insulin signaling and is important for the regulation of liver metabolism ([@b11-etm-0-0-6194]). Liver hormones regulate FoxO1 activity to modulate PEPCK and G6Pase gene expression ([@b12-etm-0-0-6194]).

The drugs commonly used to treat type 2 diabetes are insulin, biguanide and sulfonylureas ([@b13-etm-0-0-6194]). As the disease progresses, the prolonged administration of these drugs may cause side effects, including metabolic imbalance, gastrointestinal systemic damage, kidney and liver damage and tumorigenesis ([@b13-etm-0-0-6194]). Therefore, there is an urgent need for novel agents that improve the symptoms of diabetes and stabilize blood sugar. Several previous studies have demonstrated that numerous traditional Chinese medicines (TCMs), including Si-haung Hypoglycemic Granules and Rhizoma Coptidis apozem, promote glucose and lipid metabolism by regulating the insulin signal transduction pathway ([@b14-etm-0-0-6194],[@b15-etm-0-0-6194]). Previous studies have demonstrated that dendrobium mixture (DMix) significantly alleviates the clinical symptoms of diabetes, corrects impaired glucose tolerance and improves insulin resistance ([@b16-etm-0-0-6194],[@b17-etm-0-0-6194]). In addition, all patients with diabetes who were treated with DMix took significantly fewer western medications at a 5-year follow-up, which suggests that this treatment may have a better efficacy than metformin, which is the most common hyperglycemic agent of biguanide ([@b16-etm-0-0-6194],[@b17-etm-0-0-6194]).

In the present study, a rat model of type II diabetes was established using a high-fat and high-sugar diet with intraperitoneal injections of streptozotocin (STZ). The rat model was used to investigate the molecular mechanisms by which DMix regulates the insulin signaling pathway to inhibit gluconeogenesis and improve sugar conservation.

Materials and methods
=====================

### Research subjects

A total of 47 Specific-pathogen-free (SPF) healthy female Wistar rats (age, 2.5 months) weighing 200±20 g were purchased from Shanghai Laboratory Animal Center (Shanghai, China). The animals were housed at the Experimental Animal Center at the Fujian University of TCM (Fuzhou, China) in an SPF grade laboratory at room temperature (25°C) with 80% relative humidity. A total of five rats were housed per cage in a 12-h light/dark cycle with free access to food and water. The basic animal feed and the high-fat feed were purchased from the Experimental Animal Center at the Fujian University of TCM. Based on a previous study ([@b12-etm-0-0-6194]), the high-fat feed comprised 60.7% basic feed, 10% lard, 15% sucrose, 10% egg yolk powder, 4% cholesterol and 0.3% cholate.

### Experimental reagents

DMix (15 g dendrobium, 20 g astragalus, 8 g schisandra, 15 g pueraria, 15 g salvia, 15 g rehmannia and 8 g earthworms) was purchased from Guoyitang Clinic, Fujian University of TCM. Metformin (glucophage) tablets were purchased from the Sino-American Shanghai Squibb Pharmaceutical Co., Ltd. (Shanghai, China), with a production specification of 0.85 g/tablet (national medicine approval number H20023370). The other experimental reagents included an insulin ELISA detection kit (cat no. F6403; Westang Biotechnology Co., Ltd., Shanghai, China), a blood glucose meter and blood glucose strips (Yuyue Medical Equipment & Supply Co., Ltd. (Nanjing, China), TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), anhydrous ethanol and isopropyl alcohol. Agarose was purchased from Sigma-Aldrich (Merck, KGaA, Darmstadt, Germany). The following antibodies were used: Insulin receptor (InsR, cat. no. 3025), Akt (cat. no. 4685) and phosphorylated (p)-Akt (cat. no. 9611) (all Cell Signaling Technology, Inc., Danvers, MA, USA), anti-β-actin (cat. no. SAB1305567; Sigma-Aldrich; Merck KGaA), PI3K, p-PI3K, FoxO1, PEPCK and G6pase (all Abcam, Cambridge, MA, USA). A SYBR-Green I quantitative PCR kit (Takara Bio, Inc., Otsu, Japan) was purchased from Thermo Fisher Scientific, Inc. and PCR primers were produced by Invitrogen (Thermo Fisher Scientific, Inc.).

### Grouping and processing

A total of 47 female Wistar rats were used. Of these, 11 rats were fed a basic diet and made up the healthy control group (CTR group). The remaining rats were fed a high-fat/high-sugar diet for 6 weeks, followed by two intraperitoneal injections of streptozotocin (STZ, 25 mg/kg) once per day. Rats with FBG levels \>7.0 mmol/l or random blood glucose levels \>16.7 mmol/l on 2 consecutive days were selected as the diabetic models. Following stratification by body weight and blood sugar, the 36 diabetic rats were randomly divided into three groups of 12 as follows: The model group, the DMix group and the metformin group (positive control). The present study was approved by the Ethics Committee of Fujian University of TCM.

The healthy control rats were fed a basic diet and received normal saline by gavage. The model group of diabetic rats were fed a basic diet and received normal saline by gavage. The DMix group of diabetic rats was fed a basic diet and received DMix (17.2 g/kg/day) by gavage. The metformin group of diabetic rats was fed a basic diet and received metformin (100 mg/kg/day) by gavage. Following 12 weeks of treatment all animals were fasted without water for 1 night and all rats were subsequently weighed at 8.00 am and then anaesthetized using intraperitoneal 10% urethane (1,000 mg/kg). Rapid laparotomy was performed prior to sample collection. Blood was collected from the abdominal aorta, centrifuged at 1,625 × g for 20 min at room temperature to collect serum and preserved at −20°C for later experiments. The livers from all rats were collected, dissected and divided. Liver tissue (100 mg) was placed into 1.5 ml Eppendorf tubes, snap frozen in liquid nitrogen and stored at −80°C for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. The remaining tissue was fixed in 4% paraformaldehyde at 4°C for 72 h. for histopathological examination using hematoxylin and eosin (H&E) staining.

### Hematoxylin & eosin (H&E) staining

H&E histology was performed to examine the histopathological changes in the liver. Liver tissues were dissected and fixed in 4% paraformaldehyde at 4°C for 72 h, dehydrated and embedded in paraffin blocks. Liver sections (3 mm) were sliced backward from the optic chiasma. Sections were deparaffinized and hydrated with decreasing concentrations of alcohol, stained with H&E (Stained with Hematoxylin for 5 min at room temperature and 0.5% eosin for 1 min at room temperature), and observed using a light microscope (DFC310 FX; Leica, Wetzlar, Germany) at magnification, ×200.

### Measurements

Blood glucose was measured using the glucose oxidase method according to the protocol of a previous study ([@b18-etm-0-0-6194]). Serum triglycerides (TG), total cholesterol (Tch), low-density lipoprotein-cholesterol (LDL-C), alanine transaminase (ALT), aspartate transaminase (AST) and glycosylated serum protein (GSP) levels were measured using an automated LX-20 Pro biochemistry analyzer (Beckman Coulter, Inc., Brea, CA, USA). Insulin ELISA kits were used to measure fasting insulin (FIN) levels and the homeostasis model assessment of insulin resistance (HOMA-IR) was used to quantify glycosylated hemoglobin. HOMA-IR, which indicates the degree of insulin resistance, was calculated according to the following equation: HOMA-IR=(FBG × FIN)/22.5.

### RT-qPCR

RT-qPCR was used to measure InsR, FoxO1, PEPCK and G6Pase gene expression. A total of 100 mg of frozen liver tissue was homogenized to extract total RNA using TRIzol^®^ (Thermo Fisher Scientific, Inc.). RNA integrity was tested by electrophoresing the RNA in a denaturing formaldehyde gel. Total RNA was then reverse transcribed into cDNA using a PrimeScriptTM II 1st Strand cDNA Synthesis kit (Takara Bio, Inc.). The following primers were used for RT-qPCR: InsR forward, 5′-TTTTTGTCCCCAGGCCATCC-3′ and reverse, 5′-CCTGTGCTCCTCCTGACTTG-3′; Foxo1 forward, 5′-CCCAGGCCGGAGTTTAACCA-3′ and reverse, 5′-AGCAGGCTCAGGTTGCTCAT-3′; PEPCK forward, 5′-GGAAGCGGATACGGTGGGAA-3′ and reverse, 5′-GGAAGGCTGCTGCCAGGTAT-3′; G6Pase forward, 5′-GCTCCTGGGACAGACACACA-3′ and reverse, 5′-CCACACTGGGTTGCACAAGG-3′; and GAPDH forward, 5′-GTTACCAGGGCTGCCTTCTC-3′ and reverse, 5′-GGGTTTCCCGTTGATGACC-3′ as the reference gene. Probe primers were designed from the conserved sequences of target genes obtained from Invitrogen (Thermo Fisher Scientific, Inc.), and were used to generate PCR products with a SYBR Green I quantitative PCR kit (Takara Bio Inc.) and amplify target genes. An ABI7500 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to analyze copy numbers with the following thermocycling conditions: Denaturation, 95°C for 10 sec; 30 cycles at 95°C for 10 sec; 60°C for 20 sec; 95°C for 60 sec; 55°C for 30 sec; and 95°C for 30 sec. The results were determined using the 2^−ΔΔCq^ method ([@b19-etm-0-0-6194]).

### Western blot analysis

Western blotting was used to determine the total protein expression of InsR, PI3K, Akt, FoxO1, PEPCK and G6Pase, as well as the phosphorylation of PI3K and Akt. A total of 100 µg purified protein extract was separated by 12% SDS-PAGE gel and transferred to nitrocellulose membranes. Non-specific proteins were blocked with bovine serum albumin (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 1 h at room temperature and the membranes were incubated with primary antibodies (1:1,000) overnight at 4°C. The membranes were washed with TBS-Tween solution and subsequently incubated for 1 h at room temperature with horseradish peroxidase (HRP)-labeled secondary antibodies (1:500, anti-rabbit IgG, cat. no. ZB-2301; anti-mouse IgG, cat. no. ZB-2305; each, OriGene Technologies, Inc., Rockville, MD, USA). The membranes were then washed twice. β-actin was used as the internal control. The band intensity was developed using an enhanced chemiluminescence-Plus kit (cat. no. RPN2132; GE Healthcare Life Sciences, Little Chalfont, UK). Images were taken with a Bio-Image Analysis system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the bands were analyzed using ImageJ software (1.48 u) National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

The experimental data was analyzed using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) and are presented as the mean ± standard deviation. All experiments were performed in triplicate. One-way analysis of variance was used to compare the mean values of samples across multiple groups. An LSD post-hoc test and Dunnett\'s T3 post-hoc test were also subsequently performed. P\<0.05 was considered to indicate a statistically significant result.

Results
=======

### General condition of animals during the construction of the rat model

The healthy control rats were active with clean, well-groomed hair. They exhibited no significant changes in urination and bowel movement frequency compared with the diabetic model groups (data not shown). The diabetic model rats were observed to be less active, with duller hair. Their intake of food and water increased significantly compared with the control rats, as did their frequency of urination and bowel movements (data not shown). No diarrhea or deaths occurred across all groups.

### Changes in serum glucose and lipid metabolism FBG

Following 6 weeks of a high-fat/high-sugar diet and two intraperitoneal injections of STZ, the blood glucose levels of all diabetic rats were \>25 mmol/l. There were no significant differences in blood glucose level among the different diabetic groups prior to treatment (data not shown). However, the FBG levels in the model group diabetic rats were significantly higher compared with the healthy control rats at 6, 9 and 12 weeks (P\<0.01; [Fig. 1](#f1-etm-0-0-6194){ref-type="fig"}). Following the administration of DMix and metformin, the FBG levels of the rats were significantly reduced at 3 (P\<0.05 for DMix; P\<0.01 for metformin), 6, 9 and 12 weeks (all P\<0.01) compared with the diabetic model group. The FBG levels were significantly lower in the metformin group at 3 and 6 weeks compared with the DMix group (P\<0.01), but no significant differences were observed between the two groups at 9 and 12 weeks.

### GSP, FIN and HOMA-IR

Following 12 weeks of treatment, GSP, FIN and HOMA-IR were significantly elevated in the diabetic model group compared with the control group (P\<0.01; [Fig. 2](#f2-etm-0-0-6194){ref-type="fig"}). However, GSP, FIN and HOMA-IR were significantly lower in the DMix and metformin groups compared with the diabetic model group (P\<0.05 for GSP; P\<0.01 for FIN and HOMA-IR).

### Tch, TG, LDL, ALT and AST

Following 12 weeks of treatment the Tch, TG and LDL levels were significantly elevated in the diabetic model group compared with the control group (P\<0.01; [Fig. 3A](#f3-etm-0-0-6194){ref-type="fig"}). However, the Tch, TG and LDL levels were significantly lower in the DMix group compared with the diabetic model group (P\<0.05 for Tch and LDL; P\<0.01 for TG), and were very similar to that of the control group (P\>0.05). In the metformin group, the Tch and LDL levels were significantly lower compared with the diabetic model group (P\<0.01), and were very similiar to the healthy controls (P\>0.05). The ALT and AST levels were significantly elevated in the diabetic model group compared with the healthy control group (P\<0.01; [Fig. 3B](#f3-etm-0-0-6194){ref-type="fig"}). The levels of ALT and AST were significantly lower in the DMix (P\<0.01) and metformin (P\<0.05 for ALT; P\<0.01 for AST) groups compared with the diabetic model group. ALT levels were significantly higher in the DMix and the metformin group compared with the healthy control group (P\<0.01). The AST levels in the DMix group were also very similar to the healthy controls (P\>0.05). However, the metformin group demonstrated significantly higher levels compared with the healthy control group (P\<0.01).

### Liver histopathology

The H&E stained liver tissues were examined by light microscopy ([Fig. 4](#f4-etm-0-0-6194){ref-type="fig"}). This revealed that the majority of the rat livers from the healthy control group had a clear lobular structure and evenly sized hepatocytes radially distributed from the center of the central veins ([Fig. 4A](#f4-etm-0-0-6194){ref-type="fig"}). In all of the healthy livers, the hepatic cord was arranged neatly. The small arteries, veins and bile ducts had a normal structure in the portal area and the sinusoids were clearly visible. In all rat livers form the diabetic model group, the hepatocytes exhibited an altered shape with unclear cell contours ([Fig. 4B](#f4-etm-0-0-6194){ref-type="fig"}). In these livers, the cord-like arrangement of the liver lobule had disappeared and the connections between hepatocytes were loose. In addition, diabetic model rats had an enlarged hepatic sinus, notable inflammatory cell exudation, connective tissue hyperplasia and an abnormal structure of the central veins and portal area. The rat livers from the DMix group had neatly arranged hepatocytes and the structure of the hepatic cord and the hepatic sinuses was improved compared with the untreated diabetic rats ([Fig. 4C](#f4-etm-0-0-6194){ref-type="fig"}). The DMix rats exhibited no clear inflammatory cell infiltrations and collagen connective tissue hyperplasia was rare. The diabetic rats treated with metformin had a crooked hepatic cord structure, expanded hepatic sinuses and connective tissue hyperplasia in part of the portal area ([Fig. 4D](#f4-etm-0-0-6194){ref-type="fig"}).

### Effect of DMix on hepatic InsR, FoxO1, PEPCK and G6Pase mRNA expression

The mRNA expression of InsR was significantly lower in the diabetic model group compared with the healthy control group (P\<0.01), whereas FoxO1 (P\<0.01), PEPCK (P\<0.05) and G6Pase (P\<0.01) mRNA expression was significantly higher compared with the control group ([Fig. 5](#f5-etm-0-0-6194){ref-type="fig"}). InsR mRNA expression was significantly higher in the DMix and metformin groups compared with the diabetic model group (P\<0.05), while FoxO1 (P\<0.05), PEPCK (P\<0.05) and G6Pase (P\<0.01 for DMix; P\<0.05 for metformin) mRNA expression was significantly lower in the DMix group compared with the diabetic model group. The DMix and metformin mRNA levels were similar to those of the healthy controls.

### Effect of DMix on hepatic InsR, PI3K, p-PI3K, Akt, p-Akt, FoxO1, PEPCK and G6Pase protein expression

There were no notable differences in the PI3K and Akt expression levels in the diabetic model group compared with the healthy control group ([Fig. 6A](#f6-etm-0-0-6194){ref-type="fig"}). However, p-PI3K/PI3K, p-Akt/Akt and InsR expression levels were significantly lower in the diabetic model group compared with the healthy control group (P\<0.05; [Fig. 6B-D](#f6-etm-0-0-6194){ref-type="fig"}). The FoxO1, PEPCK and G6Pase expression levels were significantly higher in the diabetic model group compared with the healthy control group (P\<0.05; [Fig. 6C and D](#f6-etm-0-0-6194){ref-type="fig"}). The levels of p-PI3K/PI3K (P\<0.01), p-Akt/Akt (P\<0.05) and InsR (P\<0.05 for DMix; P\<0.01 for metformin) protein expression were significantly higher in the DMix and metformin groups compared with the diabetic model group, whereas the FoxO1 (P\<0.01), PEPCK (P\<0.05) and G6Pase (P\<0.05 for DMix; P\<0.01 for metformin) levels were significantly lower.

Discussion
==========

Diabetes may cause acute and chronic complications, which makes it a public health issue that requires global attention ([@b20-etm-0-0-6194]). The establishment of appropriate diabetic animal models is important for studying the pathogenesis of diabetes. STZ destroys islet β cells and a low dose of STZ combined with a high-fat diet is the most common way to induce diabetes in rodents ([@b21-etm-0-0-6194],[@b22-etm-0-0-6194]). A previous *in vivo* study by the authors demonstrated that rats fed 6 weeks of a high-fat/high-sugar diet combined with two intraperitoneal injections of low-dose STZ, effectively established a stable and affordable rat model of diabetes ([@b23-etm-0-0-6194]). The same method was used in the present study to establish the Wistar rat model of diabetes.

Based on its clinical manifestations and features, diabetes is categorized as a dispersion-thirst disease in TCM ([@b24-etm-0-0-6194]). The incidence of diabetes is multifactorial and may be associated with genetic ([@b25-etm-0-0-6194]), environmental ([@b26-etm-0-0-6194]), dietary ([@b27-etm-0-0-6194]), lifestyle ([@b27-etm-0-0-6194]) factors. In TCM, type II diabetes may be treated with the Nourishing-'yin', Tonifying-'qi' method ([@b28-etm-0-0-6194]) or the Nourishing-'yin', Tonifying-qi, activating-blood (promoting blood flow) methods ([@b29-etm-0-0-6194]).

The DMix was prepared according to TCM theory and consisted of dendrobium, astragalus, salvia, rehmannia, pueraria, schisandra and earthworms. TCM suggests that this combination should promote body fluid production, eliminate dryness-heat and promote systemic blood flow, therefore, DMix may effectively prevent and treat type II diabetes and its complications ([@b15-etm-0-0-6194],[@b16-etm-0-0-6194])

A previous study by the authors revealed that 1,339 of the 41,023 liver genes examined were expressed differently in a rat model of diabetes compared with healthy rats ([@b24-etm-0-0-6194]). However, only 380 genes were expressed differently in diabetic rats treated with DMix compared with healthy rats. This indicates that the healthy expression of \~1,000 genes was restored by DMix treatment ([@b24-etm-0-0-6194]). The previous study also suggested that DMix affected gene transcriptomes *in vivo* supporting the use of DMix as a potential treatment of Type II diabetes. Metformin, used here as a representative biguanide is an oral antidiabetic drug that lowers insulin resistance *in vivo*, improves hyperinsulinemia, minimizes liver gluconeogenesis and promotes the uptake and utilization of glucose in peripheral insulin-sensitive tissues ([@b17-etm-0-0-6194]). These effects lead to a reduction in blood glucose levels ([@b30-etm-0-0-6194]). Metformin was used in the present study as a positive control.

Animals in the diabetic model group had a significantly elevated FBG compared with the healthy control rats, but treatment with DMix or metformin significantly reduced FBG in the diabetic rats compared with the diabetic model rats at 3, 6, 9 and 12 weeks after treatment. The FBG levels were significantly lower in the metformin group at 3 and 6 weeks compared with the DMix group, but no significant differences between the two groups were observed at 9 and 12 weeks. This suggests that metformin had a faster hypoglycemic effect, whereas the hypoglycemic effect of DMix was more stable. GSP, a sensitive indicator of recent blood glucose levels is not affected by the current blood glucose concentration and instead reflects blood glucose levels over the previous 2--3 weeks. It was revealed that GSP was significantly elevated in the diabetic model group compared with the healthy control group. In addition, GSP levels were significantly lower in rats treated with DMix or metformin, which suggests that the hypoglycemic effect of DMix was similar to metformin.

The results indicated that Tch, TG and LDL levels were significantly elevated in the diabetic model group compared with the healthy control group. However, the levels of Tch, TG and LDL were significantly reduced following treatment with DMix compared with the model group. However only the levels of Tch and LDL were significantly reduced following treatment with metformin. A previous study demonstrated that in addition to reducing blood sugar levels, metformin significantly reduced cholesterol and LDL-C levels ([@b31-etm-0-0-6194]), which is consistent with the findings of the present study. Clinical complications of diabetes may involve multiple systems and organs, including the liver ([@b32-etm-0-0-6194]). A previous study revealed that the incidence of liver disease is 21--78% in type I and II diabetes and the risk of suffering mortality due to liver disease is higher for patients with type II diabetes compared with the general population ([@b33-etm-0-0-6194]). T2DM promotes the progression of NAFLD to NASH, liver fibrosis and liver cancer ([@b34-etm-0-0-6194]). In addition, it increases mortality rate associated with the liver ([@b34-etm-0-0-6194]). The correlation between high alanine ALT levels and reduced hepatic insulin sensitivity may be used to predict the development of type II diabetes ([@b35-etm-0-0-6194]). In the present study, ALT and AST levels were significantly elevated in the model group compared with the control group. Examination of the liver histopathology of diabetic rats revealed changes in the shape of the hepatocytes, a loss of the cord-like arrangement in the liver lobule, an enlarged hepatic sinus and an abnormal structure in the central vein and portal area. This suggests that liver damage in diabetic rats may be associated with inflammatory damage caused by dysregulated glucose and lipid metabolism, and by prolonged stimulation with high glucose. The ALT and AST levels in diabetic rats treated with DMix or metformin were significantly reduced 12 weeks after treatment compared with the diabetic model group. Liver histopathological examinations in diabetic rats treated with DMix or metformin revealed neatly arranged hepatocytes and improved hepatic cord and hepatic sinus structures. These observations suggest that DMix reduced elevated transaminase levels, improved liver histopathology and exerted a protective function on the liver. This is associated with the improvement of glycolipid metabolism in diabetic rats by DMix and the reduction of liver damage by hyperglycemia and hyperlipidemia.

A previous study demonstrated that hyperinsulinemia is an initiator of insulin resistance ([@b36-etm-0-0-6194]). Sustained high insulin levels may reduce the expression of insulin receptors in peripheral tissues reducing intracellular glucose utilization and further increasing insulin secretion via feedback stimulation ([@b37-etm-0-0-6194]). In the present study it was observed that insulin levels and insulin resistance were significantly increased in diabetic model rats compared with the healthy control rats, suggesting that hyperinsulinemia and insulin resistance had successfully been induced in the model rats. Compared with the diabetic model rats, the insulin levels and the insulin resistance index were significantly lower in the diabetic rats treated with DMix. This suggests that DMix treatment significantly alleviated hyperinsulinemia and significantly reduced insulin resistance.

The binding of insulin to InsR activates the PI3K/Akt signaling pathway and mediates insulin metabolism in peripheral tissues, including the liver and skeletal muscle ([@b38-etm-0-0-6194]). InsR is responsible for initiating intracellular insulin transmembrane signal transduction ([@b37-etm-0-0-6194]). Abnormal InsR expression or phosphorylation affect normal insulin signal transduction and these abnormalities induce insulin resistance and glucose metabolism disorders ([@b39-etm-0-0-6194]). Akt is critical for metabolism and cell growth ([@b5-etm-0-0-6194]). PI3K ([@b23-etm-0-0-6194]) functions as a second messenger to activate downstream Akt ([@b40-etm-0-0-6194]). In the present study, it was revealed that the phosphorylation of InsR, PI3K and Akt was significantly lower in the livers of diabetic model rats compared with the healthy controls. This may be associated with reduced InsR expression, leading to decreased signal transduction. This suggests that high blood glucose and insulin levels inhibited Akt activity, consistent with the findings of Tomas *et al* ([@b41-etm-0-0-6194]). InsR, p-PI3K/PI3K and p-Akt/Akt levels were significantly upregulated in diabetic rats following DMix treatment compared with the diabetic model rats, suggesting that DMix may partly regulate PI3K/Akt signaling, improve glucose and lipid metabolism and reduce insulin resistance in a rat model of diabetes.

FoxO factors are involved in a range of biological processes, including cell proliferation, apoptosis and energy metabolism ([@b42-etm-0-0-6194]). The transcription factor FoxO1 promotes the gene expression of key gluconeogenesis enzymes by binding to specific promoters ([@b43-etm-0-0-6194]). PEPCK is a rate-limiting enzyme critical to the first step of gluconeogenesis, where it is pivotal in the conversion of oxaloacetate to phosphorylate pyruvate ([@b44-etm-0-0-6194]). PEPCK levels in the livers of PEPCK transgenic mice are \~7-fold higher than in normal mice, leading to a significant increase in gluconeogenesis ([@b45-etm-0-0-6194]). The enzyme G6Pase helps to catalyze the hydrolysis of 6-phosphate glucose into glucose ([@b46-etm-0-0-6194]), the final step of gluconeogenesis. Therefore, increased G6Pase activity directly affects glycogen output. The binding of insulin to InsR activates the PI3K/Akt signaling pathway, which inactivates the phosphorylation of the downstream signaling molecule FoxO1 and induces its degradation. This reduces the expression of PEPCK and G6Pase enzymes associated with gluconeogenesis, and inhibits gluconeogenesis. The signal pathway is shown in [Fig. 7](#f7-etm-0-0-6194){ref-type="fig"} ([@b11-etm-0-0-6194],[@b12-etm-0-0-6194]). In the present study, it was revealed that FoxO1, PEPCK and G6Pase protein expression was significantly upregulated in the livers of diabetic model rats compared with the healthy control rats. The authors hypothesized that the reduced activity of InsR, p-PI3K and p-Akt decreased FoxO1 degradation, subsequently increasing the expression of the gluconeogenic enzymes PEPCK and G6Pase and resulting in an increased hepatic glucose output in the diabetic rats. In the present study, DMix significantly decreased FoxO1, PEPCK and G6Pase protein expression levels in the diabetic rats, thereby suppressing gluconeogenesis and improving glucose metabolism.

The results indicated that DMix treatment significantly reduced the levels of blood glucose, blood lipid, GSP and insulin in diabetic rats. These effects may be caused by an increase in the gene and protein expression of InsR, p-PI3K and p-Akt in the insulin signaling pathway, and a reduction in the gene and protein expression of FoxO1, PEPCK and G6Pase. The results suggest that DMix suppressed gluconeogenesis, improved insulin resistance and effectively treated and prevented diabetes by regulating the gene and protein expression of key molecules in the insulin signaling pathway. Insulin levels in the blood are regulated by insulin secretion and insulin clearance, and receptor-mediated endocytosis is considered the primary mechanism of insulin clearance ([@b47-etm-0-0-6194]). Therefore, in addition to suppressing insulin secretion, DMix may reduce hyperinsulinemia by promoting the degradation and endocytosis of insulin. However, further study is required to investigate this.
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![Serum glucose and mRNA levels were measured at 12 weeks following treatment. (A) GSP levels were measured with an automated LX-20 Pro biochemistry analyzer. (B) ELISA assays were performed to measure the FIN levels. (C) HOMA-IR was calculated according to the following equation: HOMA-IR=(fasting blood glucose × FIN)/22.5. \*\*P\<0.01 vs. CTR group; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. Model group. GSP, glycosylated serum protein; FIN, fasting insulin; HOMO-IR, homeostasis model assessment of insulin resistance; CTR, control.](etm-16-01-0204-g01){#f2-etm-0-0-6194}

![Blood lipid, ALT and AST levels at 12 weeks following treatment. (A) Blood lipid levels were measured in each group. (B) ALT and AST levels were measured with an automated LX-20 Pro biochemistry analyzer. \*\*P\<0.01 vs. CTR group; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. Model group. ALT, alanine transaminase; AST, aspartate transaminase; Tch, total cholesterol; TG, triglycerides; CTR, control; LDL, low-density lipoprotein.](etm-16-01-0204-g02){#f3-etm-0-0-6194}

![Histopathological changes observed in hematoxylin and eosin stained liver tissues by light microscopy at magnification, ×200. (A) CTR, (B) Model, (C) DMix and (D) Metformin group. Scale bar, 100 µm. Representative images are presented. CTR, control; DMix, .dendrobium mixture](etm-16-01-0204-g03){#f4-etm-0-0-6194}

![Expression levels of InsR, FoxO1, PEPCK and G6Pase mRNA as determined by reverse transcription-quantitative polymerase chain reaction. GAPDH was used as the internal control. All results are expressed as the mean ± standard deviation of three independent experiments. \*P\<0.05 and \*\*P\<0.01 vs. CTR group; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. diabetic model group. CTR, control; InsR, insulin receptor β; FoxO1, forkhead box protein O1; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose 6-phosphatase.](etm-16-01-0204-g04){#f5-etm-0-0-6194}

![Protein expression levels of PI3K, p-PI3K, Akt, p-Akt, InsR, FoxO1, PEPCK and G6Pase as measured by western blot analysis. (A) Western blot analysis of the proteins. The western blot was quantified and the (B) p-PI3K/PI3K and p-Akt/Akt results are presented as bar charts. (C) Western blot analysis of InsR, FoxO1, PEPCK and G6Pase. (D) The western blot was quantified and presented as a bar chart; the band intensity was normalized to β-actin. \*P\<0.01 vs. CTR group; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. Model group. CTR, control; PI3K, phosphoinositide-3-kinase; Akt, protein kinase B; InsR, insulin receptor β; FoxO1, forkhead box protein O1; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose 6-phosphatase; p-, phosphorylated.](etm-16-01-0204-g05){#f6-etm-0-0-6194}

![DMix regulates hepatic gluconeogenesis in diabetic rats via the PI3K/Akt signaling pathway. Ins, insulin; InsR, insulin receptor β; PI3K, phosphoinositide-3-kinase; Akt, protein kinase B; FoxO1, forkhead box protein O1; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glucose 6-phosphatase.](etm-16-01-0204-g06){#f7-etm-0-0-6194}
